The Atypical Cadherin Fat Directly Regulates Mitochondrial Function and Metabolic State  by Sing, Anson et al.
The Atypical Cadherin Fat Directly
Regulates Mitochondrial Function
and Metabolic State
Anson Sing,1,2,5 Yonit Tsatskis,1,5 Lacramioara Fabian,3 Ian Hester,1 Robyn Rosenfeld,1,2 Mauro Serricchio,4
Norman Yau,1,2 Maı¨lis Bietenhader,4 Riya Shanbhag,4 Andrea Jurisicova,1 Julie A. Brill,2,3 G. Angus McQuibban,4,*
and Helen McNeill1,2,*
1Lunenfeld-Tanenbaum Research Institute, Mt. Sinai Hospital, Toronto, ON M5G 1X5, Canada
2Department of Molecular Genetics, University of Toronto, Toronto, ON M5S 1A8, Canada
3Cell Biology Program, The Hospital for Sick Children, Toronto, ON M5G OA4, Canada
4Department of Biochemistry, University of Toronto, Toronto, ON M5S 1A8, Canada
5Co-first author
*Correspondence: angus.mcquibban@utoronto.ca (G.A.M.), mcneill@lunenfeld.ca (H.M.)
http://dx.doi.org/10.1016/j.cell.2014.07.036SUMMARY
Fat (Ft) cadherins are enormous cell adhesion mole-
cules that function at the cell surface to regulate the
tumor-suppressive Hippo signaling pathway and
planar cell polarity (PCP) tissue organization. Muta-
tions in Ft cadherins are found in a variety of tumors,
and it is presumed that this is due to defects in either
Hippo signaling or PCP. Here, we show Drosophila
Ft functions in mitochondria to directly regulate
mitochondrial electron transport chain integrity
and promote oxidative phosphorylation. Proteolytic
cleavage releases a soluble 68 kDa fragment (Ftmito)
that is imported into mitochondria. Ftmito binds
directly to NADH dehydrogenase ubiquinone flavo-
protein 2 (Ndufv2), a core component of complex I,
stabilizing the holoenzyme. Loss of Ft leads to loss
of complex I activity, increases in reactive oxygen
species, and a switch to aerobic glycolysis. Defects
in mitochondrial activity in ft mutants are indepen-
dent of Hippo and PCP signaling and are reminiscent
of the Warburg effect.
INTRODUCTION
Coordinate regulation of tissue growth and tissue organization is
critical to normal development, and dysregulation can promote
tumor growth and metastasis. Fat (Ft) cadherins are enormous
cell adhesion molecules (>500 kDa, Figure 1A) that control
both tissue growth and tissue organization and are thus good
candidates for genes involved in tumor growth and metastasis.
Consistent with this hypothesis, mutations in Ft4 are found in a
wide spectrum of human cancers (Morris et al., 2013).
Genetic studies classified ft as a Drosophila tumor suppressor
gene (Bryant et al., 1988) and indicated that Ft regulates tissue
growth via the conserved tumor-suppressive Hippo signalingCpathway (reviewed by Staley and Irvine, 2012; Thomas and
Strutt, 2012). However, direct biochemical links between Ft and
theHippo pathway remain unclear. Ft binds to another large cad-
herin, Dachsous (Ds), and together, they regulate a form of tissue
organization known as planar cell polarity (PCP), as well as the
Hippo pathway (Figures 1B and 1C). Structure-function studies
indicate that Hippo and PCP regulation are genetically separable
and map to distinct regions of the Ft cytoplasmic domain (Fig-
ure 1AandFigureS1Aavailable online) (Bossuyt et al., 2014;Mat-
akatsu and Blair, 2012; Pan et al., 2013; Zhao et al., 2013). There
are eight regions of high sequence conservation within the cyto-
plasmic domain. Surprisingly, someof themost highly conserved
regions have little or no function in either Hippo pathway activity
or PCP (Figures 1A and 1D). Some aspects of ft function still
remain poorly understood. For example, the Hippo-dependent
tissue overgrowth of ft mutants (Figure 1C) is only seen after an
extended larval period (Bryant et al., 1988), and at early stages,
ft mutants have greatly reduced overall growth (Figure 1E). The
basis of this early defect in larval growth is unknown.
Mitochondria are critical for cellular growth and proliferation,
providing ATP via oxidative phosphorylation (OXPHOS), gener-
ating reactive oxygen species (ROS), controlling cytosolic cal-
cium levels, and providing biosynthetic intermediate metabolites
needed for growth (Nunnari and Suomalainen, 2012). The mito-
chondrial electron transport chain (ETC) consists of large protein
complexes (CI–CIV) that, via sequential redox reactions, pump
protons across the mitochondrial membrane to generate a
gradient used by CV to generate ATP. CI is the largest of the
ETC complexes, a >900 kDa machine composed of 44–47 sub-
units, that provides an entry point for electrons in the ETC. Muta-
tions in CI can lead to loss of OXPHOS and a switch to glycolysis
as an energy source (Efremov and Sazanov, 2011). A switch in
metabolism from OXPHOS to glycolysis in the presence of
oxygen is characteristic of many tumors and is known as the
Warburg effect (reviewed in Lunt and Vander Heiden, 2011; Wal-
lace, 2012).
Mutations in CI can result in increased levels of ROS (Ishikawa
et al., 2008; Hirst, 2013). Although high levels of ROS are toxic, atell 158, 1293–1308, September 11, 2014 ª2014 Elsevier Inc. 1293
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physiologic levels, ROS function as signaling molecules with
important roles in stem cell maintenance, cell fate determination,
cell-cycle control, and tumor proliferation (Hamanaka and Chan-
del, 2010; Owusu-Ansah and Banerjee, 2009; Owusu-Ansah
et al., 2008b).
We reasoned that identifying proteins that directly bind to the
conserved cytoplasmic domain of Ft could provide new insight
into how Ft regulates tissue growth and tissue organization, and
possibly illuminate why Ft cadherins are mutated in human can-
cers. We screened for proteins that bind Ft and then conducted
in vivo RNAi screens in Drosophila to identify Ft-binding pro-
teins relevant to Ft function. Surprisingly, we find that Ft binds
nicotinamide adenine dinucleotide (NADH) dehydrogenase ubi-
quinone flavoprotein 2 (Ndufv2), a core component of CI, and
CG1746, a core component of CV, the F0 ATP synthase. We
show that the intracellular domain of Ft is cleaved to release
a cytosolic fragment (Ftmito) that is imported into mitochondria
in cell lines and in Drosophila larvae. Loss of Ft or Ndufv2 leads
to increased ROS levels and upregulation of the ROS target
c-Jun N-terminal kinase (JNK). ft mutants lose CI activity, in-
crease glycolysis, and have aberrant mitochondrial cristae.
Blue native PAGE (BN-PAGE) analysis of mitochondrial ETC
complexes demonstrates that Ftmito is a component of CI and
that loss of ft results in defects in CI and CV assembly. These
defects are independent of PCP and Hippo signaling, with
phenotypic consequences reminiscent of the Warburg effect.
Taken together, our data indicate that Ft-dependent regulation
of mitochondrial activity is critical for tissue growth, and imply
that loss of Ft may facilitate metabolic changes seen in cancer
cells.
RESULTS
Mitochondrial Proteins Bind to the Cytoplasmic Domain
of Ft and Function in Ft-Dependent Processes
We previously conducted yeast two-hybrid (Y2H) screens to
identify proteins that bind the cytoplasmic domain of Ft (Fanto
et al., 2003) and identified 58 Ft-binding proteins (Table S1). To
examine the biological relevance of these Ft-binding proteins
in vivo, we expressed double-stranded RNA (dsRNA) under con-
trol of the galactose-4 (GAL4)/upstream activating sequence
(UAS) system to knock down their expression (Dietzl et al.,
2007; Ni et al., 2009). We examined at least two independentFigure 1. Mitochondrial Proteins Regulate PCP and Bind Ft
(A) The intracellular domain (ICD) of Ft contains eight highly conserved regions
regulation (blue lines) or Hippo pathway control (red lines). Dashed lines indicate w
in adult fly eyes. Black circles indicate rhabdomeres of ommatidia.
(B) Adult Drosophila eye sections reveal organized PCP of ommatidia in controls (
(C) Wing imaginal discs from extended third-instar ft larvae show dramatic overg
(D) Regions 1 and 2 (see 1A schema) are highly conserved in evolution. DmFat,D.
Daphnia pulex; BfFat, Branchiostoma floridae; MmFat4, M. musculus; HsFat4, H
(E) ftfd larvae are delayed in growth compared to age-matched WT control larvae
(F) Knockdown of Ndufv2 (i), CG1746 (ii), and Mpp (iii) using eyGal4 driver results i
with a WT Ndufv2 transgene (iv; 0 out of 165 [0%] inverted ommatidia versus 35 o
ommatidia where polarity was not scored.
(G) In-vitro-GST pull-down using purified proteins indicates interaction between h
control.
See also Figures S1 and S2C and Table S1.
CRNAi lines for each gene and assayed PCP and growth in the
Drosophila eye and wing.
In the fly eye, PCP is evident in the polarized arrangement of
ommatidia (Figure 1B). Hippo-dependent growth defects can
also be assayed based on interommatidial proliferation. Analysis
of semithin sections from >200 eyes identified clear PCP defects
upon knockdown of three Ft-binding proteins: Ndufv2, CG1746,
and mitochondrial-processing protease (Mpp) (Figure 1F; Table
S1). Unexpectedly, these are all mitochondrial proteins. Because
PCP defects associated with knockdown of Ndufv2 were strik-
ingly similar to defects observed upon loss of ft (compare Figures
1B, ii, and 1F, i), with clean dorsal-ventral inversions in polarity in
the absence of apoptosis or degeneration, we focused on under-
standing the function of Ndufv2 in Ft-dependent signaling.
eyGal4 > Ndufv2 dsRNA induced PCP defects in the eye that
had no disruptions in photoreceptor morphology, apical-basal
polarity, or specification. Knockdown of Ndufv2 in the wing,
using enGal4, resulted in a swirling pattern of hairs, indicating
that Ndufv2 is required for PCP in the wing (Figure S1B).
To confirm that knockdown of Ndufv2 disrupts PCP, three
independently derived RNAi lines were examined for their effects
on PCP in the Drosophila eye. All three lines produced PCP
defects when driven with eyGal4 (Figure S1C). eyGal4 drives
expression early in eye development, at the time ft acts in estab-
lishing PCP (Strutt and Strutt, 2002). Importantly, UAS-Ndufv2
expression rescues PCP defects induced by RNAi-mediated
knockdown of Ndufv2 (Figure 1F, iv).
Ndufv2 is a highly conserved member of CI, which provides an
entry point for electrons in the ETC in eukaryotes (Brandt, 2006).
Ndufv2 is also called the 24 kDa subunit in mammals (Hirst,
2013). Ndufv2 has a highly conserved iron-sulfur (Fe-S) cluster
that has been hypothesized to act as an antioxidant to prevent
the generation of ROS. We tested if the Fe-S cluster of Ndufv2
is essential for normal PCP by mutating two conserved cysteine
residues that coordinate binding of the Fe-S cluster, generating
UAS-Ndufv2DFeS. UAS-Ndufv2DFeS was well expressed (Fig-
ure S4A) but was unable to rescue the PCP defects induced by
knockdown of Ndufv2 (Figure S1D). Thus, the Fe-S cluster of
the Ndufv2 is needed for normal PCP.
Because no previous links have been made between mito-
chondria and PCP, the discovery that Ndufv2 binds Ft and that
loss of Ndufv2 causes PCP defects was surprising. To confirm
the Y2H interaction, and to determine if the Ft and Ndufv2(red boxes); structure-function studies identified domains important for PCP
eak requirements. Schematic on right illustrates PCPorganization of ommatidia
i ; black arrows), whereas fatmutants display polarity inversions (ii; red arrows).
rowth compared to controls.
melanogaster; AgFat, Anopheles gambiae; TcFat, Tribolium castaneum; DpFat,
. sapiens.
.
n disrupted PCP similar to loss of ft. PCP in Ndufv2 knockdown eyes is rescued
ut of 194 [18%] for Ndufv2 knockdown alone). Open circles indicate disrupted
ighly conserved Ft regions 1 and 2 with Ndufv2. Ponceau S serves as loading
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Figure 2. ft and Ndufv2 Regulate PCP and
Hippo Pathway Targets
(A and B) fj-lacZ is upregulated in both ftfd clones
(A) and clones expressing Ndufv2 dsRNA (B) in the
larval eye.
(C and D) Hippo targets Crb (C) and Ex (D) are
upregulated in the posterior compartments of
larval wing discs expressing Ndufv2 dsRNA driven
with enGal4. Engrailed (En) marks the posterior
compartment.
(E) Ex is also upregulated in Ndufv2 knockdown
clones in the wing.
(F) Bantam-GFP, a Hippo sensor, is reduced in
Ndufv2 knockdown tissue.
ft clones marked by lack of GFP, Ndufv2 knock-
down clones positive for GFP.
See also Figure S2.interaction was direct, we used glutathione S-transferase (GST)
pull-down assays with purified fragments of the Ft cytoplasmic
domain and His-tagged Ndufv2 (Figures 1G and S1E). These1296 Cell 158, 1293–1308, September 11, 2014 ª2014 Elsevier Inc.data indicate that the N-terminal region
of Ndufv2 binds directly to the highly
conserved regions 1 and 2 of Ft (Fig-
ure S2C). Strikingly, deletion of four amino
acids of region 2 abrogates interaction
with Ndufv2. We found that region 1 also
contributes to binding stability between
Ft and Ndufv2 but is not sufficient to
confer binding in this assay (Figure 1G;
data not shown). These data indicate
that the highly conserved region 2 is crit-
ical for direct binding between Ft and
Ndufv2 in vitro.
Loss of the CI Core Component
Ndufv2 Leads to Activation of Hippo
and PCP Target Genes in Larval
Wings and Eyes
Because we found that Ndufv2 binds
directly to Ft, and that loss of Ndufv2
alters PCP, we examined if Ndufv2
knockdown affects Ft pathway target
expression. A well-characterized PCP
target of Ft is four-jointed (fj). Loss of ft
leads to upregulation of fj in mitotic
clones, as assessed by fj-lacZ (Yang
et al., 2002; Figure 2A). To test whether
Ndufv2 affects fj expression, we gener-
ated clones of cells expressing Ndufv2
dsRNA in eye discs from flies containing
a fj-lacZ reporter. fj-lacZ expression was
clearly increased in Ndufv2 dsRNA
clones, indicating that Ndufv2 regulates
expression of the Ft-PCP target fj in vivo
(Figure 2B).
Activation of the Hippo pathway can
be observed in vivo by monitoring ex-pression of Yki targets such as Crumbs (Crb), Bantam, and
Expanded (Ex). Expression of Ndufv2 dsRNA in the posterior
compartment of wing discs with enGal4 resulted in marked
upregulation of Crb (Figure 2C) and Ex (Figure 2D). Clones of
cells expressing Ndufv2 dsRNA also showed upregulation of
Ex (Figure 2E). Bantam-GFP, which is inhibited by Yki, was
repressed by depletion of Ndufv2 (Figure 2F). Activated caspase
staining and 5-ethynyl-20-deoxyuridine (EdU) incorporation re-
vealed that strong knockdown of Ndufv2 leads to both increased
apoptosis and increased proliferation, indicating disruption of
growth regulation (Figures S2A and S2B). These data show
that loss of Ndufv2 alters expression of Hippo targets.
Loss of Ft Leads to Defects in Mitochondrial
Morphogenesis and Cristae Architecture
Because the cytoplasmic domain of Ft binds mitochondrial pro-
teins, we wondered if mitochondrial structure is affected in ft
mutants. We examined mitochondria in developing Drosophila
sperm because they undergo dramatic remodeling during
spermatid differentiation (Fuller, 1993), allowing us to closely
examine mitochondrial morphogenesis and ultrastructure. All
the mitochondria in each early round spermatid aggregate and
fuse to form a spherical mitochondrial derivative called the
Nebenkern. During elongation, theNebenkern splits and extends
along the developing flagellum (Figures 3A, i–iv). Analysis of
germline clones of ft mutants revealed defects in Nebenkern
morphology. In early round spermatids, Nebenkerne are lobate
and broken, with vacuolated areas (Figure 3A, v). In elongating
spermatids, Nebenkerne are aberrant, with areas of uneven
condensation (Figure 3A, vi). Similar mitochondrial defects
were seen in ft larval testes (Figures 3A, v and vi, insets). Thus,
ft is necessary for normal mitochondrial morphogenesis during
sperm development. Expression of Ndufv2 dsRNA resulted in
similar Nebenkern defects (Figures 3A, vii and viii), highlighting
the requirement for both ft and Ndufv2 in mitochondrial
morphogenesis.
We used transmission electron microscopy to analyze mito-
chondrial ultrastructure of ft mutants in maturing sperm and
surrounding cyst cells (Figure 3B). Defects in mitochondrial
morphogenesis and ultrastructure were observed in ft mutant
spermatids (Figure 3B, iii). Mitochondria in wild-type (WT)
somatic cyst cells (which surround developing sperm) are
elongated and exhibited regularly spaced, flattened cristae
(Figure 3B, ii). In contrast, mitochondria in ft mutant cyst
cells were round and with swollen and irregular cristae (Figures
3B, iv, and 3C). Similar defects in cristae morphology were
seen in eye and wing discs obtained from ftfd and ftalb larvae
(Figure S3A), indicating that this is not a tissue- or allele-spe-
cific effect. These dramatic alterations in mitochondrial archi-
tecture in ft mutants support a role for Ft in mitochondria and
raised the possibility that loss of Ft affects mitochondrial
function.
Loss of Ft or Ndufv2 Leads to Increased ROS
We asked if ROS, a by-product of OXPHOS, is perturbed in ft
and Ndufv2 mutants because structural analysis of CI sug-
gested that the Ndufv2 Fe-S cluster may have a role in ROS
regulation (Sazanov and Hinchliffe, 2006), and our rescue anal-
ysis indicates a critical role for the Fe-S cluster in PCP. We
measured ROS levels by staining with dihydroethidium (DHE),
which becomes more fluorescent at higher superoxide (O2
)Clevels. We first examined the effect of reduction of Ndufv2 on
ROS levels using dsRNA in Drosophila S2 cells and found that
loss of Ndufv2 leads to increased levels of ROS in tissue culture
cells (Figures S3B and S3C). Reduction of Ndufv2 in the poste-
rior compartment of the wing, by expressing dsRNA driven by
enGal4, also leads to dramatically increased ROS levels in vivo
(Figure S3D).
Staining of control discs revealed that under normal condi-
tions, a gradient of ROS exists in the eye disc, with expression
that is high at the equator and low at the poles (Figures 3D and
S3E). Interestingly, this gradient of ROS is similar to the pro-
posed Ft activity gradient (Yang et al., 2002).
To test if loss of ft affected ROS levels, we generated mitotic
clones of ft mutant tissue in eye discs. We found that ft
mutant clones have increased DHE staining, indicating that
loss of ft leads to increased ROS levels (Figure 3E). Loss of
ft also leads to increases in expression of a reporter of
oxidative stress, glutathione S-transferase D1 (GSTD1)-GFP
(Sykiotis and Bohmann, 2008) (Figure 3F), confirming that
loss of ft leads to increases in ROS in vivo. Overexpression
of yki, or loss of the core Hippo kinase wts, does not lead to
increased ROS, indicating that the increased ROS is not due
to loss of Hippo regulation by ft (Figures 3G and 3H; data not
shown).
Loss of Ft or Ndufv2 Leads to Activation of the ROS
Target JNK
ROS activate the JNK pathway (Hamanaka and Chandel, 2010;
Owusu-Ansah and Banerjee, 2009; Owusu-Ansah et al., 2008b),
which has been suggested to be a regulator of PCP (reviewed
in McNeill, 2010). puckered (puc) is a target of the JNK
pathway, and its expression reflects JNK activity. Expression
of Ndufv2 dsRNA using enGal4 led to strong activation of
puc-lacZ (Figure 3I), consistent with increased ROS leading to
activation of JNK signaling. Strikingly, ft clones also display
strong increases in puc-lacZ expression (Figure 3J), indicating
that loss of ft leads to activation of JNK signaling. Thus, the
ROS target JNK is upregulated in Ndufv2- and ft-depleted
tissue.
The Cytoplasmic Domain of Ft Contains Multiple
Mitochondrial-Targeting Sequences
Ft functions at the cell surface in cadherin-mediated adhesion
(Ma et al., 2003), whereas Ndufv2 is a core component of
mitochondrial CI. Our data indicate that Ft binds directly to
Ndufv2 in vitro; however, in vivo, Ft and Ndufv2 could potentially
interact either at the cell surface or in mitochondria. We gener-
ated antibodies to Ndufv2 and confirmed their specificity
(Figure S4A). Costaining for the mitochondrial protein CVa
demonstrated that Ndufv2 localized to mitochondria in S2 cells
(data not shown) and in Drosophila discs (Figure S4B). We did
not detect any labeling of Ndufv2 at the cell surface in cultured
cells or Drosophila imaginal discs (Figures 4A and S4B; data not
shown).
We hypothesized that Ft might interact with Ndufv2 inside
mitochondria. Ft is posttranslationally processed to generate
a 450 kDa extracellular fragment and a 110 kDa transmem-
brane fragment (Figure 4E) (Feng and Irvine, 2009; Sopkoell 158, 1293–1308, September 11, 2014 ª2014 Elsevier Inc. 1297
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et al., 2009). In addition, a more labile cytoplasmic fragment
of 68 kDa is generated (Figure S4D). In silico analysis of
the cytoplasmic domain of Ft with MitoProt II detected two
mitochondrial-targeting sequences (MTSs) and their corre-
sponding Mpp cleavage sites (Figure S5). To test if these
putative MTSs can direct mitochondrial localization, we gener-
ated constructs expressing Ft-MTS fragments tagged with a
FLAG epitope (Figure S6A). Immunofluorescence and sub-
cellular fractionation of COS (CV-1 [simian] in Origin, and
carrying the SV40 genetic material) cells and S2 cells demon-
strated that fragments of Ft containing the predicted MTSs
coupled to FLAG localize to mitochondria (Figures 4B and
S6B–S6D). Our studies also indicate that there is an addi-
tional MTS signal, located after predicted MTS1 and MTS2,
that is not identified by in silico analysis (Figures S6B–S6D).
This is not surprising because MitoProt II does not recognize
all mitochondrial-targeting motifs. Together, these in silico
and in vitro data indicate that the cytoplasmic domain of
Ft contains multiple regions that could direct mitochondrial
localization.
The Ft Cytoplasmic Domain Is Cleaved, Releasing a
68 kDa Fragment that Is Imported into Mitochondria
To determine if Ft can be detected in mitochondria, we first used
cultured cell overexpression experiments. Because a 110 kDa
transmembrane form of Ft (FtDECD) can rescue most defects
of ft mutants (Matakatsu and Blair, 2006), we transfected
Drosophila S2 cells with FtDECD and immunostained with anti-
bodies to the FLAG epitope, Ndufv2, and CVa. A portion of
Flag-tagged Ft colocalized with Ndufv2 and CVa in S2 cells,
indicating mitochondrial localization (Figure 4A). Interestingly,
expression of the entire cytosolic domain of Ft (Ft -IC,
74 kDa) was not sufficient to confer mitochondrial localization
(Figures S6B and S6D), suggesting that processing at the
plasma membrane facilitates production of a Ft fragment that
is competent to enter mitochondria. Consistent with this, soluble
Ft-IC cannot rescue ft mutants, whereas a membrane-tethered
Ft-IC can (Bossuyt et al., 2014; Matakatsu and Blair, 2012; Pan
et al., 2013; Zhao et al., 2013).Figure 3. Loss of ft or Ndufv2 Results in Defective Mitochondria and P
(A) Schematics of spermatid differentiation (i and ii). n, nucleus. (i) Spermatids in
spermatid cysts. (iii–viii) Overlays of phase-contrast and epifluorescence micro
defects in Nebenkern morphology in ftfd mutant clones (GFP negative) in ea
along the Nebenkern (vi). Insets show spermatids from ftfd larval testes. (vii and
in Nebenkern morphology. Inset shows high-magnification detail of Nebenke
bars, 20 mm.
(B) Transmission electronmicrographs of early elongated spermatids and cyst cell
(arrow) of comparable size. (ii) WT cyst cell mitochondria are elongated and show
Nebenkern show large variation in size (arrow). Scale bar, 500 nm. (iv) In ftfdmutan
(iii and iv) show mitochondria from WT and ft mutant cyst cells at high magnifica
(C) Percentage of defective mitochondria is quantified. *p = 1.2 3 1013, Studen
(D) DHE staining of WT eye discs reveals a ROS gradient that is strong at the eq
(E and F) ROS are upregulated in ftfd mitotic clones (marked by lack of GFP [E] o
(G and H) Overexpression of YkiS168A-GFP driven with enGal4 (G) or wtse1 clones
by DHE.
(I and J) The JNK pathway activity reporter puc-lacZ is upregulated in Ndufv2-dep
negative).
See also Figure S3 and Table S3.
CTo determine if endogenous Ft localizes to mitochondria, we
examined a Drosophila cell line, D11, that expresses full-length
Ft (Ft-FL). Staining of D11 cells and Drosophila tissue showed
colocalization of Ft staining with the mitochondrial marker CVa
(Figures 4C and 4D). In addition, cell fractionation experiments
revealed that an 68 kDa fragment of the endogenous Ft intra-
cellular domain is enriched in mitochondrial fractions from D11
cells (Figure 4F).
To determine if the 68 kDa fragment of Ft is located within
mitochondria, we conducted protease protection assays on
intactmitochondria isolated fromD11 cells. The 68 kDa fragment
is resistant to protease digestion (Figure 4G) in intact organelles.
In contrast, the 110 kDa fragment was digested by protease
treatment, suggesting that the transmembrane form of Ft is
associated with mitochondria but is not imported into mitochon-
dria. Importantly, addition of Triton X-100 to permeabilize mito-
chondrial membranes resulted in digestion of the 68 kDa
fragment, verifying that this fragment of Ft is capable of digestion
by Proteinase K but is protected from proteolysis until mem-
branes are solubilized. Taken together, these data indicate that
a 68 kDa Ft fragment is imported into mitochondria. We refer
to this 68 kDa Ft fragment as Ftmito.
Ft Is Processed into Ftmito In Vivo during Drosophila
Development
To determine if Ft processing occurs in vivo, we isolated eye
discs from WT and ft larvae and conducted fractionation and
protease digestion experiments (Figures 4H and S4C). In total
larval extracts, the 110 kDa form of Ft was the most abundant
form. Isolation of mitochondrial fractions of WT larvae revealed
enrichment of the endogenous 68 kDa form of Ft. Both the
110 and 68 kDa fragments were missing in immunoblots of mito-
chondrial extracts obtained from ft larvae (Figure S4C), con-
firming that the 68 kDa fragment represents mitochondrial Ft
(Ftmito). As in cultured cells, Ftmito is resistant to protease diges-
tion in larval extracts, confirming its localization inside mitochon-
dria. Interestingly, Ftmito appears as a doublet in disc extracts
(Figures 4H and S4C), suggesting that additional processing
may occur in vivo. Discs, testes, and fat body (Figures 4D anderturbations in ROS and JNK Pathway Activation
onion stage with fused mitochondria that form the Nebenkern. (ii) Elongated
graphs of live preparations stained with Hoechst to reveal DNA (blue) show
rly spermatids (v). In elongated spermatid cysts, aberrant clumping occurs
viii) Early and elongating spermatids expressing Ndufv2 dsRNA show defects
rn defect. Arrowheads indicate nuclei. Arrows indicate Nebenkerne. Scale
mitochondria. (i) WT spermatids show axonemes (arrowhead) and Nebenkerne
regularly spaced, flattened cristae. (iii) In ftfd mutants, the two halves of each
ts, mitochondria (arrows) appear round or oval and have swollen cristae. Insets
tion. Scale bar, 500 nm.
t’s t test. WT, n = 39. ftfd, n = 34.
uator and weaker toward the poles.
r b-gal [F] staining) as detected by DHE (E) and GSTD1-GFP (F).
(clone marked by lack of GFP in H) do not show changes in ROS as detected
leted tissue (I,Ndufv2 dsRNA driven with enGal4) as well as in ftfd clones (J, GFP
ell 158, 1293–1308, September 11, 2014 ª2014 Elsevier Inc. 1299
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S3F; data not shown) display clear colocalization of Ft and
mitochondrial markers; however, interestingly, the staining was
often unevenly distributed, suggesting that there may be spatial
constraints. Protease protection assays of OptiPrep gradient
fractions from whole-larval extracts confirm that Ft is localized
in mitochondria, where the protease-protected band appears
as a single 68 kDa form (Figures 4I and 4J).
Ds binding to the extracellular domain of Ft is important for the
regulation of Hippo and PCP signaling. We tested if loss of ds
altered cleavage or import of Ft into mitochondria. We found
that Ftmito is clearly detectable in ds mutant larval discs (Figures
4H and S4C). Thus, mitochondrial localization of Ft occurs in the
absence of Ds binding.
Loss of Ft Leads to a Loss of CI Activity in Drosophila
Larvae
Our in vivo data indicate that Ft is cleaved and imported into
mitochondria, where it can bind Ndufv2. Loss of ft or knockdown
of Ndufv2 leads to increased ROS, as does loss of other compo-
nents of CI. These data suggested that Ftmito might regulate CI
activity. We tested if CI activity was affected in ft mutants using
larval mitochondrial extracts. Significantly, we find that loss of ft
leads to a dramatic loss of CI activity (Figure 5A). Consistent with
the loss of CI activity, ft mutant larvae have reduced growth,
similar to that of mutants that have lost CI, due to deletion of a
CI assembly factor, dCIA (Figure 5B).
The loss of CI activity led us to ask if there was an alteration in
metabolism in ft mutants. We measured lactate levels to see if
there was a switch from OXPHOS to glycolysis in the absence
of Ft. Strikingly, ft mutants have significantly increased levels
of lactate, reflecting increased glycolysis (Figure 5C). This in-
crease in lactate was detectable both in age-matched and in
size-matched larvae (which are much older due to the delayed
growth of ft mutants).
Loss of Ft Causes a Loss of Assembled CI Holoenzyme
Wewondered if Ft regulates the stability of Ndufv2; however, we
found only mild changes in Ndufv2 total levels in SDS-PAGE
analysis of ft larvae (Figure 5D). We hypothesized that Ft might
affect the assembly or stability of the CI holoenzyme, which
would result in the loss of CI activity. CI forms a complex of
>900 kDa that can be resolved on nondenaturing, BN-PAGE.
BN-PAGE analysis ofmitochondria fromWT larvae shows a clear
band for fully assembled CI at 980 kDa, as well as complex VFigure 4. Ft Is Cleaved and Imported into Mitochondria Where It Coloc
(A) Ndufv2 and Ft colocalize in mitochondria of S2 cells transfected with FtDECD
(B) A Ft fragment containing in-silico-predicted MTS1 is targeted to mitochondri
(C and D) Endogenous Ft colocalizes with mitochondrial marker CVa in D11 cell
(E) Schematic of Ft cleavage products. The 68 kDa Ftmito fragment is targeted to
indicate the 110 kDa fragment.
(F) Ftmito is specifically enriched in mitochondrial fractions from D11 cells, along w
total and heavy membrane fractions. T, total; C, cytoplasmic; H, heavy membran
(G) In D11 cells, Ftmito is protected from protease digestion by Proteinase K, as i
(H) Ftmito, CVa, and Porin are protected from protease digestion in WT and ds l
(I) Subcellular fractionation of WT larval extracts produces a fraction containin
peroxisome marker Pex5 (red box).
(J) Ftmito in fraction 6 is protected from digestion in low protease concentrations
See also Figures S3A, S4, S5, and S6.
C(CV) monomers at 800 kDa and CV dimers at 1,100 kDa (Fig-
ures 5E and S4F). As previously published, loss of a well-charac-
terized CI assembly factor (dCIA30) results in loss of CI, with no
effects on the assembly of CVmonomer (CV1) or CV dimer (CV2)
(Figure 5E and 5G; Cho et al., 2012).
Strikingly, BN-PAGE analysis of mitochondria isolated from ft
mutants shows loss of assembled CI, suggesting that Ft is
needed for assembly or stability of CI (Figure 5E). Western blot
analysis with antibodies to CI components Ndufv2 and Ndufs3
confirmed loss of assembled CI in ftfd mutants (Figures 5G and
S4E). Overexposure of gels reveals that there is some CI present
but at drastically reduced levels. In-gel assays confirm that CI
activity is dramatically reduced in ft mutants (Figure 5F). There
is also a consistent, though modest, increase in CII activity and
mobility shifts in CII and CV activity.
Western blot analysis demonstrates that a null ft allele, ftfd,
shows a dramatic loss of CI, whereas the hypomorphic ft allele,
ftalb, does not significantly alter CI assembly and/or stability (Fig-
ure 6A). Importantly, western blotting for Ndufv2 reveals that de-
fects in CI can be rescued by expression of Ft-FL on a bacterial
artificial chromosome (BAC) transgene. Impaired CI assembly
provides an explanation for the reduced CI activity seen in ftfd
mutants. Interestingly, ftfd mutants show an increase in com-
plex-associated cytochrome c (CytoC), possibly reflectingmeta-
bolic compensation (Figures 6A–6C). Mutations of Hippo
pathway components, wts and ds, do not affect CI levels but
do show an increase in CytoC, possibly due to regulation ofmito-
chondrial dynamics (Nagaraj et al., 2012).
We hypothesized that the 68 kDa Ftmito might be a component
of mitochondrial complexes. Immunoblotting of larval mitochon-
drial extracts separated on BN-PAGEs with affinity-purified anti-
bodies to Ft revealed that Ftmito is part of the CI holoenzyme
(Figures 5G and S4E). Importantly, the Ft signal is lost in CI
assembly mutants, which also lose Ndufv2 staining as well as
other CI components. No signal was detected in CV complexes.
Together, these data indicate that Ftmito is incorporated into CI
and is needed for CI assembly or stability in vivo.
Loss of Ft Leads to Defects in CV Assembly
Immunoblotting with antibodies to CVa reveals normally assem-
bled CV1 and CV2 in WT larvae and CI assembly mutants
(Figures 5G and 6A). Strikingly, however, CV is incorrectly
assembled in both ftfd and ftalb mutants, with reduction of CV
dimers, and the appearance of a novel prominent band atalizes with Ndufv2
-FLAG (Ft lacking the ECD).
a in COS cells.
s (C) and larval tissues (D).
mitochondria, indicated by red arrows in (F)–(H), whereas black arrowheads
ith Porin, but not a-tubulin. Asterisk denotes a 50 kDa Ft fragment found in the
es; M, mitochondrial fraction.
s CVa, whereas the 110 kDa fragment is degraded.
arval discs.
g Ft and NdufS3, but not ER marker Calnexin, and diminished levels of the
but is degraded either with the addition of detergent or with excess protease.
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Figure 5. Ft Is Necessary for Mitochondrial CI and CV Stability and Function
(A) CI activity is severely reduced in ft mutant larvae. Values represent the mean ± SD of three independent experiments. Student’s t test was used to calculate
significance: *p < 0.003.
(B) The delayed growth phenotype of ftfd larvae resembles that of dCIA mutants. Both are significantly smaller than age-matched WT control larvae.
(C) Lactate levels are increased in extracts from both age- and size-matched ftfd larvae compared to controls. Values represent the mean ± SD of three inde-
pendent experiments. Student’s t test was used to calculate statistical significance: *p < 0.05; **p < 0.002.
(D) Immunoblots against lysates fromWT versus ftfd larval eye/brain complexes show a slight decrease in Ndufv2, increase in CytoC, and no change in PDH, CVa,
and Porin protein levels. a-actin serves as a loading control.
(legend continued on next page)
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500 kDa. Normal assembly of CV in ftmutants can be rescued
by expression of Ft-FL provided by a BAC transgene (Figure 6A).
These data suggest that Ftmito is also needed for proper assem-
bly and/or stability of CV.
Our Y2H screens had indicated that Ft interacts with CG1746,
a component of CV, and our RNAi screens had demonstrated
that loss of CG1746 leads to PCP defects (Figure 1F; Table
S1). GST pull-down assays confirmed that CG1746 binds
directly to the cytoplasmic domain of Ft (Figure S7D). We do
not detect Ftmito on assembled CV in BN-PAGE analysis, sug-
gesting that this interactionmay beweak or transient (Figure 5G).
However, the obvious defects in CV assembly in ftmutants sug-
gest that the Ft-CG1746 interaction is biologically relevant.
Importantly, ft-dependent defects in CV are not secondary to
reduced CI because loss of CI (through mutation of a CI assem-
bly factor, dCIA30) does not lead to accumulation of the aberrant
500 kDa CV band (Figures 5G and 6B). Because CV dimeriza-
tion is essential for cristae formation, one interesting possibility is
that the cristae morphology defects in ft mutants may be due to
loss of interaction between CG1746 and Ft.
The Ndufv2-Binding Region of Ft Is Necessary for
Normal Larval Growth and Mitochondrial Function
We reasoned that if Ft binding to Ndufv2 is essential for mito-
chondrial complex assembly and OXPHOS, blocking this inter-
action should result in CI and CV defects. We have here defined
region 2 as the domain that binds Ndufv2. Previous studies have
shown that BAC transgenes expressing a Ft-FL lacking region 2
(FLD2) (Figure 6D) can fully rescue Hippo and PCP signaling (Pan
et al., 2013), implying that this region does not function in Hippo
or PCP signaling. In contrast, rescuing ft mutants with a BAC
transgene-expressing Ft with a deletion of region 8 (FLD8) res-
cues Hippo pathway defects, but not PCP defects, implying
that this region is essential for PCP activity. We tested if BAC
transgenes containing Ft-FL can rescue the early growth defects
of ft mutant larva. Full-length ft can rescue this early growth
defect, confirming that the growth delay is due to Ft loss (Figures
6E and 6F). Significantly, FLD2 fails to rescue larval growth and
lactic acid production (Figure 6G). BN-PAGE analysis shows
that Ft-FL and FLD8 can rescue CI and CV assembly, whereas
FLD2 fails to rescue CI or CV assembly (Figure 6H). Thus, the re-
gion of Ft that binds Ndufv2 is essential for mitochondrial com-
plex stability and mitochondrial ETC activity.
DISCUSSION
Here, we show an unexpected and direct role for Ft in regulating
mitochondrial morphology and metabolism. We find that Ft con-
trols ROS production and promotes OXPHOS activity during
Drosophila development. Ft is cleaved, generating a 68 kDa frag-(E) BN-PAGE of crude mitochondrial isolates from larvae extracts reveals CI defi
Arrow and asterisk denote CI; arrowheads indicate CV bands.
(F) Clear-native-PAGE (bottom; for loading control) and in-gel activity assays (top
mobility. CV activity is perturbed.
(G) Immunoblot of BN-PAGE confirms the absence of CI in ftfd and dCIAex80, and F
in ftfd mutants, with a CVa-containing fragment of 500 kDa.
See also Figure S7.
Cment that is imported into mitochondria, where it binds Ndufv2,
promotes CI andCV assembly and/or stability, and enhances the
activity of the ETC. To our knowledge, this is the first example of
a cell surface protein that functions to directly stabilize the mito-
chondrial ETC and promote OXPHOS.
Ft functions at the cell surface to activate the Hippo kinase
pathway. Activation of the Hippo kinase pathway represses tran-
scription of Yki target genes that promote cell proliferation. The
proteolytic cleavage that generates Ftmito will inactivate the abil-
ity of Ft to inhibit cell proliferation because Ft can only function to
repress proliferation when at the plasma membrane. Release of
Ftmito allows it to enter mitochondria, where it binds Ndufv2 and
stabilizes CI and CV, promoting OXPHOS. We propose that
cleavage of Ft can function as a switchmechanism to coordinate
cell cycle and metabolism (Figure 7). Altering the levels of Ftmito
could allow an organism to directly adjust metabolic rates in
accordance with changing energy requirements. In support of
this rheostat model, we find that defects in ETC assembly are
rescued in a dose-dependent manner by one and two copies
of the Ft transgene (Figure 6I). We do not know the identity of
the protease that cleaves Ft, releasing Ftmito. We hypothesize
that regulation of this cleavage would provide a potent mecha-
nism for regulating metabolism.
Because CV is a major source of cellular ATP, we measured
ATP levels in ftmutant larvae. Loss of ft leads to relatively minor
effects on total ATP levels (Figure S7A). Defects in OXPHOS
can be compensated for by increased glycolysis. Analysis of ft
mutant larva showed greatly increased levels of lactic acid
(Figure 5C), consistent with a shift in metabolism of ft mutants
from OXPHOS to glycolysis. This is intriguing because ft is a
classic Drosophila tumor suppressor gene, and a hallmark of
cancer cells in mammals is a shift from oxidative metabolism to
aerobic glycolysis, known as the Warburg effect. ft mutants
show a long delay before discs begin to overgrow. Our data
suggest that the mitochondrial defects in ftmutants are respon-
sible for the initial delay in growth. We propose that the switch
to glycolysis eventually permits the overgrowth characteristic of
Hippo pathway mutants.Mitochondria Provide Feedback Signals that Regulate
Hippo Signaling and PCP
Knockdown of multiple mitochondrial proteins results in defects
in PCP (Table S2). To our knowledge, this is the first time that
perturbation of mitochondria has been shown to affect PCP.
We do not yet understand how mitochondria impact PCP. ATP
levels are not a likely effector because we find that loss of 50
AMP-activated protein kinase (AMPK), a key regulator of cellular
ATP levels (Figure S7B), does not alter PCP, and ATP levels are
not significantly decreased in ft mutant larvae. Our observation
that ROS levels are present in a gradient in the eye disc duringciencies in ftfd and dCIAex80. Wedges indicate increasing amounts of extract.
) reveal strong decreases in CI activity, increase in CII activity, and a shift in CIV
t staining indicates that Ft associates with CI. Assembly of CV is also disrupted
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Figure 6. Ft-Conserved Region 2 Is Necessary for Mitochondrial Function
(A) The hypomorphic allele ftalb shows defects in CV assembly, whereas CI is unaffected as shown by Ndufv2 levels. Expression of two copies of a full-length ft
BAC transgene (ftFL) rescues all of these defects in a ftfd background.
(legend continued on next page)
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Figure 7. Model of Ft Processing and Func-
tion at the Cell Surface and in Stabilizing the
ETC in Mitochondria
Ft is processed to a 450 and 110 kDa receptor at
the cell membrane where it coordinates PCP and
restricts growth via the Hippo pathway. Ft is
further cleaved and transported to mitochondria,
relieving repression of growth by the Hippo
pathway. Once inside mitochondria, Ft interacts
with CI and CV to promote OXPHOS. In cells
lacking Ft, both PCP and Hippo pathways are
dysregulated, leading to PCP defects and unre-
stricted growth. CI and CV are destabilized, lead-
ing to release of ROS and impaired OXPHOS,
resulting in a metabolic shift to glycolysis and
higher levels of lactate.development raises the possibility that ROS may have an
instructive role in PCP. However, ROS scavengers did not
strongly randomize PCP, and ROS induction disrupted PCP
but also caused photoreceptor defects (Table S3). More studies
are needed to define a direct role for ROS in PCP.
We found that loss of CI affects Hippo pathway activity, indi-
cating that mitochondria signal back to growth control. Previous
studies have elucidated mechanisms by which the Hippo
pathway affects mitochondrial function, by inducing transcrip-
tion of mitochondrial biogenesis genes (Nagaraj et al., 2012;
Ohsawa et al., 2012). Activation of Yki leads to decreased pro-
duction of ROS, increased transcription of mitochondrial fusion
genes, and increased mitochondrial function. Our finding that
loss of mitochondrial CI leads to increased ROS and increased
activation of Yki target genes suggests that cells can sensemito-
chondrial disruption and send signals back to regulate Hippo
pathway-dependent recovery mechanisms, a form of mitochon-
drial retrograde signaling.
Ft CadherinMitochondrial-BindingMotifs and Targeting
Sequences Are Ancient and Conserved
The cytoplasmic domain of Ft has several regions that are evolu-
tionarily conserved. Heretofore, the function of some of the most
highly conserved residues of Ft has been unclear. Ft binding to
CI and stabilization of CI depend on these highly conserved(B) Complex-associated CytoC is upregulated in both ftfd and dCIAex80.
(C) The ftfd/x13 transheterozygote phenocopies ftfd in both CI and CV defects. wts and ds mutants retain inta
(D) Schematic of FL, FLD2, and FLD8 rescue constructs.
(E and F) FL and FLD8 rescue the delay in growth of ftfd larvae, whereas FLD2 does not.
(G) Lactate levels are elevated in FLD2-expressing ftfd. Levels normalized to FL-rescued lactate content. On
icance: m0 = 1; n = 4; p = 0.046.
(H) CI and CV defects in ftfd larvae are partially rescued by FLD8, but not FLD2.
(I) The rescue of CI and CV deficiencies in ftfd larvae is ftFL dosage dependent.
See also Figure S7.
Cell 158, 1293–1308, Sepresidues (Figures 6 and S7C), suggesting
that the urbilaterian ancestor had a form
of Ftmito and that an ancient function of
Ft is to regulate mitochondrial activity.
Consistent with this model, mammalian
Ft4 has two high-confidence MTSs,similar to Ft (Figure S5), supporting the conservation of a mito-
chondrial role for Ft4. The role of Ft in PCP (Saburi et al., 2008,
2012), and possibly Hippo activity (Cappello et al., 2013), is
conserved in mammals. This deep conservation of CI-binding
sequences suggests conservation of themitochondrial functions
of Ft cadherins.
The finding that Ftmito promotes CI levels raises many ques-
tions for future studies. Although we can detect Ftmito comigrat-
ing with CI on BN-PAGEs and can demonstrate direct binding of
Ftmito to the CI component Ndufv2, we do not yet know the
stoichiometry of Ftmito in CI complexes. Ftmito may function to
stabilize already assembled CI or, instead, may promote the
assembly of new CI complexes. Because we have shown that
loss of Ft leads to increased ROS and that ROS is normally ex-
pressed in a gradient that reflects predicted Ft activity, another
attractive possibility is that Ftmito might be present in a subset
of CI molecules—reflecting perhaps the spatial environment of
the mitochondrion. Also, Ftmito is not ubiquitously distributed
within mitochondria, which may hint at a specialized role for
Ftmito. Structural studies are needed to discern exactly how Ftmito
interacts with mitochondrial OXPHOS complexes to control
mitochondrial activity. Interestingly, our Y2H screens also re-
vealed that Ft binds to CG1746, a component of CV. This sug-
gests that there may bemultiple ways in which Ftmito may impact
mitochondrial function.ct CI and CV but upregulate CytoC.
e-sample Student’s t test was used to test signif-
tember 11, 2014 ª2014 Elsevier Inc. 1305
Ft Function inMitochondria Is Separable fromHippo and
PCP Effects
Previous studies indicated that the Hippo and PCP functions of
Ft map to distinct regions of the Ft cytoplasmic domain. We
show here that the regulation of CI by Ft is separable from its
roles in PCP and Hippo signaling. Although loss of ft leads to
increased ROS, loss of wts or overexpression of yki does not in-
crease ROS. In addition, BN-PAGE analysis demonstrates that
CI andCV levels are not altered inwts anddsmutants (Figure 6C),
further indicating that the mitochondrial effects of Ft to promote
CI and CV levels are independent of Hippo signaling. Impor-
tantly, in the context of Ft-FL expressed under the control of
its endogenous promoter, deletion of regions 1 and 2 has no
detectable effect on PCP or Hippo activity. Interestingly, in ex-
periments in which truncated versions of Ft are overexpressed
via the UAS/GAL4 system, these regions do have weak PCP
andHippo activity. Because we show here that loss of mitochon-
drial integrity can lead to PCP and Hippo defects, we suggest
that the weak Hippo and PCP effects seen in overexpression ex-
periments may be in part due to disruption of the mitochondrial
functions of Ft.
To our knowledge, this is the first demonstration of direct regu-
lation of mitochondrial complex stability by a cell surface protein,
and our study provides a novel mechanism to understand how
cell surface signals can directly affect mitochondrial activity
and cellular metabolism. Cleavage of the cytoplasmic domain
of Ft promotes CI, thereby increasing OXPHOS activity, and in-
activates the function of Ft as an inhibitor of Yki, thus driving
cell proliferation. This dual function of Ft provides a powerful
mechanism to regulate tissue growth.
In cancer cells, we speculate that the loss of Ft cadherins in
mitochondria might provide an initial impediment to proliferation,
due to defects in ETC activity; however, the switch to glycolysis
can support tumor growth. In addition, loss of Ft leads to
increased ROS production, which can promote DNA damage,
stimulate stem cell proliferation, and induce signaling pathways
that enhance cancer cell growth. These effects of Ft on mito-
chondrial function, as well as the alterations in PCP and Hippo
signaling, are critical aspects that must be considered when
investigating the mechanisms underlying diseases caused by
loss of Ft cadherins.
EXPERIMENTAL PROCEDURES
Drosophila Strains and Genetics
For a list of stocks used, statistical analyses, and detailed experimental condi-
tions, see the Extended Experimental Procedures.
GST Pull-Downs
GST pull-downs were performed as described by Sambrook and Russell
(2006). His-tagged Ndufv2 or CG1746 recombinant proteins were expressed
in bacteria and batch purified using nickel beads. GST-tagged Ft was similarly
expressed in bacteria and incubated with glutathione-conjugated beads.
Eluted Ndufv2 or CG1746 was then added to assay for direct binding.
Drosophila Testis Preps and Electron Microscopy
Adult and larval testes were dissected in TIB (testes isolation buffer) (Casal
et al., 1990) with Hoechst 33342 (8.3 mg/ml) (Sigma-Aldrich), and live squashed
preparations of male germ cells were made as previously described by Regan
and Fuller (1990). Germline clones were made using the hsFLP-FRT system.1306 Cell 158, 1293–1308, September 11, 2014 ª2014 Elsevier Inc.Two-day-old larvae were heat shocked for 1–2 hr at 37C for 2–3 consecutive
days. For RNAi experiments, Vienna Drosophila RNAi Center (VDRC) line
#22194 was crossed with BamGal4. Electron microscopy was performed as
described by Fabian et al. (2010).
ROS Staining with DHE
ROS levels were monitored using the superoxide indicator DHE, as
described by Owusu-Ansah et al. (2008a). Imaginal discs were dissected in
S2 media, stained in 30 mMDHE for 5 min, then fixed in 4% paraformaldehyde
for 5 min.
Cell Fractionation and Mitochondrial Protection Assays
Mitochondria from D11 cells and eye/brain complexes were isolated using the
QIAGEN Qproteome Mitochondria Isolation Kit (37612). Whole-larval extracts
were fractionated using OptiPrep density gradient media (Sigma-Aldrich;
D1556) using a 20%/25%/30%/40% gradient (Bayat et al., 2012) and spun
in a swinging bucket rotor. Fractions were collected after the spin was
completed, and purified mitochondria were harvested from the boundary be-
tween the 20% and 25% gradients. Protection of purified mitochondrial pro-
tein was ascertained by the addition of Proteinase K at 4C for 10 min alone
or with 1% Triton X-100.
The NADH Activity Assay
Mitochondria were purified from Drosophila larvae and NADH: ubiquinone
oxidoreductase activity was monitored as a decrease in absorbance at
600 nm in a colorimetric CI activity assay as described in Cho et al. (2012).
Lactate Assay
Larvae were homogenized in 100 ml of PBS with 30 strokes of a Kontes pestle.
Samples were heat shocked at 60C for 15 min and centrifuged at 16,0003 g
for 5min; 5–10 ml of the supernatant was used for lactate determination using a
Lactate Assay Kit (BioVision Technologies; K607-100). All lactate readings
were normalized to protein content.
Mitochondrial Isolation and BN-PAGE
Mitochondria were purified from larvae by differential centrifugation using
mitochondrial isolation medium (MIM; 250 mM sucrose, 10 mM Tris/HCl
[pH 7.4], 0.15 mM MgCl2, with protease inhibitor). Mitochondria were resus-
pended in 13 NativePAGE Sample Buffer (Invitrogen) with 1% digitonin and
protease inhibitors, and incubated for 15 min on ice. Samples were centri-
fuged at 16,200 3 g for 30 min at 4C, and supernatant was resuspended
with G250 sample additive and NativePAGE Sample Buffer. Mitochondria
were then visualized with the Novex NativePAGE Bis Tris Gel System (Invitro-
gen) using 3%–12% Bis Tris NativePAGEs as previously described by Cho
et al. (2012).
In-Gel Functional Assay
Mitochondria from Drosophila larvae were isolated as described by Walker
et al. (2006), resuspended in lysis buffer (50 mMBis Tris [pH 7], 750mM 6-ami-
nocaproic acid, 2% [w/v] digitonin, and protease inhibitor cocktail), cleared by
centrifugation at 16,000 3 g at 4C, and supplemented with glycerol to a final
concentration of 4%. A total of 40 mg of mitochondrial protein was resolved on
a 4%–13% native gel using a cathode buffer containing 0.05% (w/v) deoxy-
cholate and 0.01% (w/v) n-dodecyl b-D-maltoside. In-gel activity assays
were performed as described by Wittig et al. (2007). Briefly, CI activity was
measured in a NADH:nitrotetrazolium blue (NTB) reductase assay. Gel strips
from clear-native gels above were incubated in assay buffer (2.5 mg/ml
NADH and 0.1 mg/ml NTB in 5 mM Tris/HCl [pH 7.4]) for 5 min, then fixed in
50% methanol and 10% acetic acid. Similarly, assays for CII and CIV activity
were carried out in CII assay buffer (200 mM sodium succinate, 200 mM phen-
azinemethosulfate, and 0.1mg/ml NTB in 5mMTris/HCl [pH 7.4]) or CIV assay
buffer (0.5 mg/ml diaminobenzidine and 50 mM horse heart CytoC in 50 mM
sodium phosphate [pH 7.2]), incubated for 10–30 min, then fixed. CV activity
was monitored by following ATP hydrolysis activity. Gel strips were preincu-
bated in 35 mM Tris/HCl, 270 mM glycine (pH 8.3), then transferred to assay
buffer (35 mM Tris/HCl, 270 mM glycine, 14 mM MgSO4, 0.2% Pb(NO3)2,
and 8mMATP [pH 8.3]). Gel strips were then fixed in 50%methanol for 30 min
to stop the reaction.
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